Pancreatic islet beta cells, and some other cell types, are sensitive to the damaging effects of alloxan. The mechanisms behind the cytotoxicity have not been fully elucidated, although they are considered to be mediated by the formation and effects of reactive oxygen metabolites. In the present study, the cytotoxic effects of alloxan/cysteine at high and low concentrations were investigated on a model system of cultured J-774 cells. Viability was estimated by the trypan blue dye exclusion test, plasma membrane permeability by a modified microfluometric fluorescein diacetate technique and lysosomal membrane stability by a microfluorometric acridine orange method. The results showed: (a) hydrogen peroxide, readily diffusing through cellular membranes and produced extracellularly in large amounts by alloxan/cysteine at high concentrations, enters the secondary lysosomes if not previously degraded by cellular anti-oxidant systems. Intralysosomal Fenton reactions, with the formation of hydroxyl radicals, may be induced provided catalytically active lysosomal iron is present. This would result in lysosomal membrane damage followed by leakage of lysosomal contents to the cell sap and cell degeneration. (b)Alloxan/cysteine at low concentrations induced production of superoxide and hydrogen peroxide in low amounts which caused almost no lysosomal damage and appeared to be non-toxic unless there was some plasma membrane-associated iron. Consequently, cells initially allowed to endocytose iron during culture, or briefly exposed to iron just before exposure to alloxan and cysteine, showed greatly enhanced sensitivity. In this case iron, in combination with superoxide and hydrogen peroxide, is believed to give rise to plasma membrane-associated hydroxyl radical production (Fenton reaction) with resultant loss of membrane integrity. We thus propose that reasons for pronounced alloxan sensitivity may include lysosoreal damage to cells with weak anti-oxidative defense systems or especially vulnerable secondary lysosomes or ironcatalysed plasma membrane damage following exocytosis of this transition metal.
The quinonoid compound alloxan is a rapid and potent inducer of diabetes mellitus in experimental animals due to its pronounced damaging effect on pancreatic islet beta cells [1] [2] [3] [4] [5] [6] . Other cell types are also sensitive to the cytotoxic effect of alloxan, albeit to a varying and usually much lesser degree [7] [8] [9] [10] [11] [12] [13] [14] . The exact mechanisms of alloxan cytotoxicity are not fully understood, although the toxicity is considered to be mediated by the formation and effects of reactive oxygen species such as superoxide anion radicals (O2"-), hydrogen peroxide (H202) and hydroxyl radicals (HO') [4] [5] [6] [7] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . A uniquely weak anti-oxidative defense system of beta cells has been suggested to underlie their sensitivity to oxidative stress [21, 28] , although this hypothesis has been challenged [29] .
Alloxan is easily reduced to dialuric acid by a variety of reducing agents including cysteine, ascorbic acid and glutathione [12, 13, 15, 20, 24, 25] . In the presence of oxygen, autooxidation of dialuric acid back to alloxan generates O2"-, and the formation of alloxan radicals is part of both the reduction and autooxidation processes [5, 6, 24, 25] .
In previous studies on a model system of cultured, established mouse macrophage-like J-774 cells [12] [13] [14] we presented evidence that alloxan cytotoxicity results from a dual effect of reactive oxygen metabolites formed extracellularly during alloxan reduction and autooxidation. In the present study we concentrated on the enhancing role of plasma membrane-associated iron. The cytotoxic mechanisms we propose, which do not necessitate cellular uptake of alloxan, include (i) HO" attack at the plas- Reaction time (rain) Fig.1 . A. Production of hydrogen peroxide (H202) when alloxan (A) and cysteine (Cys) react in phosphate-buffered saline at various concentrations with or without desferrioxamine (Des) added.
-I~, i mmol/1 A + 1 mmol/1 Cys; -c7-, 500 gmol/l A + 500 gmol/l Cys; -A-, 100 gmol/1 Des + 500 gmol/1 A + 500 gmol/1 Cys; -(3-300 gmol/1 A + 300 gmol/1 Cys; -l-, 100 gmol/1 A + 300 gmol/1 Cys. The solutions were continuously agitated in order to provide enough oxygen for the reactions. B. Degradation of H202 by J-774 cells during the alloxan/Cys reaction at various concentrations with or without 1.7x 105 cells, growing as monolayers. ~-, lmmol/1 A+lmmol/1 Cys with cells; -n-500gmol/1 A + 500 gmol/1 Cys without cells; -C% 500 gmol/1 A + 500 lxmol/1 Cys with cells; -A-, 350 ~tmol/1 A + 350 gmol/1 Cys with cells. The reactions took place in 35 mm plastic Petri cell culture dishes with 2 ml of solution reactions may occur in the presence of lysosomal iron in reactive form. As a consequence of these two routes, peroxidation may damage not only the plasma membrane but also the lysosomal limiting membranes with leakage of potent hydrolytic enzymes to the cytosol. Situation (ii) dominates when high concentrations of alloxan and cysteine are used [12, 13] , while mechanism (i) is operative at low alloxan concentrations provided plasma membrane-associated reactive iron is available. The balance between mechanisms (i) and (ii) would theoretically be dependent on the formation of HO ~ along the plasma membrane and/or intralysosomally as well as on the efficiency of cellular anti-oxidative defence and repair systems.
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Materials and methods

Chemicals and culture medium
Nutrient Mixture Ham's F-10 culture medium (F-10), Hepes-buffer, fetal calf serum (FCS), L-glutamine (200 mmol/1), penicillin-G (5000 IU/ml) and streptomycin (5000 gmol/1) were from Gibco (Paisley, Scotland, UK). Alloxan was from Biochemical BDH Ltd. (Poole, Dorset, UK). L-cysteine (Cys), fluorescein diacetate (FDA) and catalase (CAT, EC 1.11.1.6, 4000 IU/mg) were purchased from Sigma (St.Louis, Mo. USA). Acridine orange (AO) and ferric chloride (Fe) were from Merck (Darmstadt, FRG). Desferrioxamine (Des) was obtained from Ciba-Geigy (Basel, Switzerland). Superoxide dismutase (SOD, EC 1.15.1.1, 5000 U/mg) was from Biochemica (Mannheim, FRG). All other reagents used were obtained from standard sources and of the highest grade available.
Cells and culture conditions
J-774 cells (an established mouse histiocytic lymphoma cell line) were cultured in 75 cm 2 cell culture flasks (Costar, Cambridge, Mass USA) in F-10 supplemented with 10 % FCS, 2 mmol/1 L-glutamine, 100 IU/mt penicillin-G and 100 gg/ml streptomycin (complete F-10 medium) in humidified air with 5 % CO2 at 37 ~ Cells were subcultivated once per week (by scraping with a rubber policeman) and plated into either 35 mm plastic petri cell culture dishes (Costar) with or without 22 mm glass coverslips (1.7 x 10 s cells/dish) or into multi-well plates (Costar) (8.5 x 104 cells/well). At 120 min after seeding the cultures were rinsed with F-10 in order to remove nonadhering cells. Fresh complete F-10 medium was added to each dish (2 ml) or to each well (1 ml). The cells were then grown under standard conditions for another 20 _+ 1 h before start of experiments.
Experimental design
Cells were always exposed to alloxan/Cys in phosphate-buffered saline (PBS) in order to avoid uncontrolled interference from reducing and oxidative substances which are always present in growth media [12] . Final concentrations of interfering substances, and appropriate exposure times were decided after numerous preliminary experiments on cells cultured and exposed in multiwells. All experiments were performed at 37~ and pH 7.4. Alloxan and Cys were separately dissolved immediately before use in warm PBS to double the final concentrations used in the experiments. Cys in PBS was initially added into each dish (1 ml) or well (0.5 ml) and the reaction was then initiated by the addition of alloxan in PBS (1 or 0.5 ml). When cells were exposed to interfering substances (protectors or the sensitizer iron) they were preincubated with these substances for the periods of time necessary to get full effect as previously described [12] : (a) 100 gmol/1 Fe in PBS for 20 min; (b) 50 gmol/1 Fe in complete F-10 medium for 6 h followed by a 60-min rinse in the same medium without iron; (c)100 gmol/1 Des in PBS for 20 min; (d)100 gmol/1 Des + 50 ~tg/ml SOD in PBS for 20 min; (e) 100 gmol/1 Des + 50 gg/ml CAT + 50 gg/ml SOD in PBS for 20 min. After preincubation the cells were exposed to alloxan (0-2 mmol/1) and Cys (0-1 mmol/1) in PBS with or without combinations of Des, CAT and SOD (but not Fe) present in the same concentrations as during preincubation in PBS. Viability and permeability of plasma and lysosomal membranes were then evaluated as described below.
Hydrogen peroxide production and degradation
Hydrogen peroxide (H202) production during the alloxan/Cys reaction and its degradation by J-774 cells were measured in 2 ml PBS with or without 1.7 x 105 cells at different alloxan and Cys concentra-
Evaluation of cell viability
Cell viability after exposure to alloxan, Cys and other substances was estimated by using the trypan blue dye exclusion test [32, 33] . Stained and unstained cells were counted in ten randomly chosen areas of each culture after exposure for 5 min to trypan blue (0.05 % in PBS, pH 7.4, at 20~
Usually about 800 cells were scored from each sample.
Evaluation of plasma membrane permeability
After exposure to the indicated concentrations of alloxan/Cys (see experimental design) plasma membrane permeability was assessed by using a modified [12] FDA (2.5 gg/ml in PBS at 20 ~ for 3 min) vital staining technique [34, 35] . The fluorescence of individual FDA-stained cells grown on glass coverslips was measured with a MPV III Leitz static cytofluorometer (Wetzlar, FRG) connected to a small ABC 800 computer system [36] as described previously [12, 13] . The intensities of FDA-induced green fluorescence were recorded from 100 randomly chosen cells in each sample.
Estimation of cell death or damage by the trypan blue dye exclusion test is an insensitive technique since it only discriminates between extensively damaged or dead cells and less severely damaged ones, some of which may later die. Other systems to evaluate cell viability, such as estimation of released lactic acid dehydrogenase or 51Cr, do not offer increased sensitivity. The modified [12] FDA technique with fluorometric evaluation of retained fluorescein-induced fluorescence using computerized microfluorometry for evaluation of plasma membrane stability is, however, very sensitive and allows discrimination of different degrees of plasma membrane damage.
Evaluation of lysosomal membrane stability
100
Cells cultured on glass coverslips were initially stained with 2 ml AO solution (5 ~tg/mI in complete F-10 medium) at 37 ~ for 15 min [37, 38] . Following a quick rinse with warm (37 ~ PBS, the AO-loaded cells were then exposed to alloxan and Cys and occasional additives, as described. The intensities of AO-induced red and green fluorescences were simultaneously recorded individually from 100 cells on each coverslip by the MPV III static microfluorometer, using a double detector system for red and green light (barrier filters 630 and 546 nm, respectively).
Cytochemical demonstration of iron
A modified sulphide-silver (autometallography) technique [3942] was utilized to demonstrate the location of iron. After 20 h in culture, cells were exposed to 50 gmol/1Fe in complete F-10 medium for 6 h followed by 1 h in the same medium without iron, at standard culture conditions. Other cells were exposed to 100 gmol/t Fe for 20 min in PBS. The cells were then briefly rinsed in PBS before fixation with 2% glutaraldehyde in 0.1 tool/1 Na-cacodylate with 0.1 mol/1 sucrose for 2 h at 22~ Following short rinses (x 5) in double distilled water, the cells were sulphidated in 1% ammonium sulphide (to convert Fe to FeS) in 70% ethanol for 15 rain [41] . The samples were then carefully rinsed with distilled water for 10 rain and developed in a physical, colloid protected, photographic developer [42] containing Ag-lactate (0.11 g in 15 ml distilled water), hydroquinone (0.85 g in 15 ml distilled water), 60 ml 25% gum 100 arabic and 10 ml Na-citrate buffer (pH 3.8) for 10 min to precipitate Ag as a shell around the FeS nuclei. After dehydration in a gradient series of ethanol the cells were mounted in Canada balsam [40] .
Statistical analysis
All experiments were performed in triplicate as a minimum. Data are presented as mean _+ SEM. Based on findings that values were normally distributed, Student's t-test was used to evaluate differences between groups and p-values less than 5 % were considered to be statistically significant. 
20
;> 30
tions (alloxan, 100-1000 pmol/1; Cys, 100-1000 gmol/1) with or without Des (100 gmol/1) present. H202 was assayed by a modified p-hydroxyphenylacetic acid (PHPA)/horseradish peroxidase (HRP) technique [30, 31] . Intensities of fluorescence (315/410 nm) were read in a RF-540 spectrofluorophotometer connected to a DR-3 Data recorder (Shimadzu, Kyoto Japan). 
Exposure time (min)
Results
Hydrogen peroxide production and degradation
The HaO2 production during the reactions between alloxan and Cys at various concentrations with or without Des was followed for 60 min. The final amount of H202 formed was Cys-dependent. Des did not influence H202 production (Fig. 1 A) . The H202 produced was partly degraded by the cells. Cells exposed to alloxan and Cys at low concentration (350 and 350 gmol/1) were thus only briefly exposed to H202 at a concentration greater than 100 gmol/1 (Fig. 1 B) .
Evaluation of cell viability
In order to obtain preliminary information about alloxan/Cys cytotoxicity for subsequent and more detailed studies, cells grown in multiwell plates were initially exposed to different concentrations of alloxan (0-2 mmol/l) and Cys (0-1 mmol/1) in PBS (without additives or any type of preincubation) for periods up to 90 min. Viability was thereafter evaluated by the trypan blue dye exclusion test. As shown in Figure 2 , exposure to alloxan/Cys of 2 and i mmol/1 caused more than 95 % cell death within 90 min, while exposure tO alloxan/Cys of 350 and 350 gmol/1 or 250 and 250 gmol/1 resulted in approximately 30 % or less than 5 % cell death, respectively.
After preincubation with the protectors Des; Des and SOD; or Des, SOD and CAT (20 min in PBS), respectively, cells were exposed to alloxan/Cys at high concentrations (2 and 1 mmol/1), along with the above-mentioned protectors present, for up to 90 min. Cell damage was found to be either partially or almost completely prevented (Fig. 3) .
Cells initially allowed to endocytose iron for 6 h (enhancing their lysosomal content of catalytically active iron) showed somewhat increased sensitivity (Fig. 3) .
When cells were exposed to alloxan/Cys at low concentrations (350 and 350 gmol/1) cell injury was completely prevented by 100 gmol/1 Des present extracellularly during exposure (Fig. 4) . In contrast, Fe-exposed cells (either 100 gmol/1 for 20 min in PBS or 50 gmol/1 for 6 h in complete F-10 medium) were much more sensitive than cells exposed to alloxan/Cys alone (Fig.4) . The results of viability estimations were about the same whether performed immediately at the end of the 30-90 min exposure period to alloxan/Cys in PBS or 12 h later after cells were returned to ordinary culture conditions ( Table 1) .
Evaluation of plasma membrane permeability
As shown in Figure 5 , cells exposed to alloxan/Cys at low concentrations (350 and 350 gmol/1) showed a rapid, and rather pronounced, decline in green FDA-induced fluorescence over a 60-min period. Iron-exposed cells (100 ~tmol/1 for 20 min) showed a markedly more evident decline of FDA retention under the same conditions, while cells pre-exposed to Des, and then exposed to alloxan and Cys in the presence of Des, behaved almost as control cells exposed to PBS only.
Evaluation of lysosomal membrane stability
AO-exposed control cells showed a granular, bright red, cytoplasmic fluorescence (lysosomes) in combination with weak green nuclear fluorescence when excited with blue light (Fig. 6 A) . If such AO-loaded cells were exposed (Fig. 6 C) . T h e p h o t o -m u l t i p l y i n g system of the M P V III microf l u o r o m e t e r is m o r e sensitive to green than to red p h o t o n s m a k i n g studies of alterations of red fluorescence less sensitive t h a n that of green (Fig. 7 A ) . Values for red and green fluorescence after e x p o s u r e to high ( 
Distribution of intracellular iron
Control cells showed only occasional granular silver precipitates after a short (10 rain) d e v e l o p m e n t period, indicating the n o r m a l lysosomal content of heavy metals (Fig. 8 A) . F e -l o a d e d cells (50 gmol/1 FeC13 in c o m p l e t e F-10 m e d i u m for 6 h followed by 1-h rinse in the s a m e medium without iron) showed distinct granular silver precipitation after the 10-min p e r i o d of d e v e l o p m e n t indicating a much increased c o n c e n t r a t i o n of iron within the seco n d a r y lysosomes (Fig.SB) . Cells e x p o s e d to 100 gmol/1 FeC13 in PBS for 20 min s h o w e d black silver precipitates along the p l a s m a m e m b r a n e , indicating iron a d s o r p t i o n to the p l a s m a m e m b r a n e , but not m o r e lysosomal silver precipitates than in the control cells (Fig. 8 C) . 
Discussion
In the present study an established macrophageqike cell line (J-774) was utilized as an experimental model system to further investigate the mechanisms behind short-term alloxan cytotoxicity. We have previously showed this toxicity to be caused by an extracellular production of reactive oxygen metabolites formed during reactions between alloxan and various reducing agents [12, 13] . We have so far used the lysosome-rich J-774 cells, having pronounced exocytotic capacity (reversed endocytosis), as a model system. Since we feel that interference with the stability of secondary lysosomes and a high capacity to exocytose might be involved in alloxan cytotoxicity, we preferred to initially use these easily manipulated cells. The obtained knowledge will later be explored in experiments (in progress) on purified mouse beta cells and cultured, established insulinoma cells which, of course, might differ with respect to alloxan interference.
Alloxan and reducing agents, such as cysteine, glutathione or ascorbic acid, interact to form 02"-and H202 [12, 15, 25] . Depending on the concentrations of alloxan and reducing substances H202 will form in different amounts.
Cells possess anti-oxidant protection systems, including glutathione-GSH and catalase, with a rather pronounced H202 degrading capacity [43] . The toxic effects of H202 depend not only on the total amount of H202 produced, but also on the period of time during which the H202 is produced. H202, due to its degradation, may never reach very high into alloxan concentrations when produced comparatively slowly.
O2"-dismutates spontaneously, or through SOD activity, to H202 and 02 (reaction 1). HO" will be formed from H202 through the iron-dependent Fenton reaction [27] which may be superoxide-driven, or due to the reducing capacity of dialuric acid (AH2) which will be in turn oxidized back to alloxan through intermediate formation of alloxan radicals (AH') (reactions 2-4 and Fig.9 ) [15] . Both 02"-and AH2 will reduce ferric iron to its ferrous form. Neither 02 ~ nor H202 are considered particularly toxic [44] [45] [46] . If reactive iron is available, however, the iron will contribute to formation of the much more aggressive HO'. Trace amounts of ferric iron together with O2" -and H202 will thus induce formation of HO" in close proximity (site-specifically) to the iron atoms [25, 27, 44, 45] , initiating peroxidative chain-reactions causing severe cellular damage if it occurs at cellular membranes.
It should be pointed out that trace amount of iron is a common contamination in buffers and is always present in culture media, thus making cultured cells living in an artificial milieu very different from that of cells in situ with respect to iron exposure. In situ cells are usually never exposed to iron in reactive form since unsaturated transfer-rin and other iron-chelating systems are present. Iron contamination of PBS or culture media may explain why Des is required to prevent HO ~ formation in in vitro systems, even when no iron has been added [12] .
As previously published [12] [13] [14] , and demonstrated again in the present study, cells exposed to high concentrations of alloxan (2 mmol/1) and the reducing agent Cys (1 mmol/1) will succumb mainly due to the toxic effects of large amounts of H202 after its diffusion into the cells. The poor protection, under these conditions, by Des alone or Des and SOD showed that neither HO" nor 02"-, produced extracellularly, then contribute much to the toxicity. Being a non-polar molecule, H202 will readily diffuse into cells and rapidly equilibrate within all cellular compartments. Some lysosomal iron is always present due to autophagocytotic degradation of iron-containing metalloproteins [41, 47, 48] , thus H202 may initiate Fenton reactions intralysosomally. The formation of HO'would cause lysosomal membrane damage with disappearance of its proton gradient, as can be demonstrated by the red to green shift of the AO-induced fluorescence. The cells started blebbing within a few min suggesting that hydrolytic lysosomal enzymes are released to the cytosol in analogy with findings in other systems in which lysosomes were disrupted by photo-oxidation [49] or the direct exposure to H202 [48] . Under conditions of high-concentration-exposure to alloxan/Cys the addition of CAT, SOD and Des to the incubating medium resulted in full protection indicating that O2"-and H202 are only formed extracellularly and implying that alloxan cytotoxicity does, at least in this model system, not require its cellular uptake.
Alloxan/Cys at low concentrations seem to exert toxicity due to site-specific HO ~ production in relation to the plasma membrane. The addition of the specific iron-chelater Des, blocking iron-catalysed Fenton reactions, to the incubating medium almost completely prevented cell death, confirming that H202 produced at low concentrations under relatively long periods of time does not break through the cellular anti-oxidative defence systems and does not reach the secondary lysosomes to any major degree (no substantial AO-fluorescence shift from red to green). Under these conditions of 02" -and H202 production in low amounts, however, plasma membrane associated iron would be reduced from Fe 3 § to Fe 2 +-complexes by the produced O2 ~ Reduced iron, in catalytically active form, interacts with H202 to produce HO ~ (Fenton reaction) that abstracts hydrogen from plasma membrane phospholipids initiating chain reactions leading to peroxidation, fragmentation and eventually cellular death.
In the present model system we have shown the enhancement of alloxan cytotoxicity following either a short (20 min) incubation of the cells with 100 gmol/1 FeC13 resulting in some iron-adsorption by plasma membranes, or after allowing the cells to enrich (50 btmol/1 FeC13 for 6 h) their secondary lysosomes with endocytosed iron before being exposed to alloxan and reducing agents. These findings demonstrate the importance of iron-catalysed HO ~ formation. In the latter case (iron-rich lysosomes) reversed endocytosis, or exocytosis, would result in the . Summarizing scheme of mechanisms behind cytotoxicity of alloxan (A) and the reducing agent cysteine (Cys) at high and low concentrations. For detailed information of the chemistry, see the Introduction mad Discussion sections. Hydrogen peroxide (H202) is produced extracellularly and penetrates easily into the cells. Some of it may escape the antioxidative "shield", mainly glutathione peroxidase (Gpx) and catalase, and diffuse into lysosomes (Lysosomal route) where some reactive iron, reduced by intralysosomal redox systems (Xox ~ Xred) e. g. cysteine or ascorbic acid, is always available which results in formation of hydroxyl radicals (HO.) due to Fenton reactions. Lysosomal membranes may then be damaged with leakage of hydrolytic enzymes (LE) and other lysosomal contents to the cytosol. If reactive iron is present close to the plasma membrane, Fenton reactions may take place site-specifically along the outer side of the plasma membrane with ensuing damage (Plasma membrane route). In the latter case alloxan and reducing agents, also in rather low concentrations can induce severe cell damage. Thus cells exocytosing iron in reactive form would be highly sensitive to alloxan transportation of iron to the plasma membrane, resulting in high local iron concentration during exposure to alloxan/Cys.
A summary of the alternative ways of cellular damage by alloxan and reducing agents resulting in high and low extracellular hydrogen peroxide concentrations, respectively, with or without plasma membrane-bound iron is given in Figure 9 suggesting that cells exocytosing iron may be particularly sensitive to alloxan.
